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experiments at the SLC, LEP and TEVATRON colliders are presented. The experimental
results are compared with the predictions of the minimal Standard Model and are used
to constrain its parameters, including the mass of the Higgs boson. The final LEP results
on the direct search for the Higgs boson of the Standard Model are presented.
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The status of precision electroweak measurements as of summer 2002 is reviewed. The recent results on the
anomalous magnetic moment of the muon and on neutrino-nucleon scattering are discussed. Precision results
on the electroweak interaction obtained by the experiments at the SLC, LEP and TEVATRON colliders are
presented. The experimental results are compared with the predictions of the minimal Standard Model and are
used to constrain its parameters, including the mass of the Higgs boson. The final LEP results on the direct
search for the Higgs boson of the Standard Model are presented.
1. INTRODUCTION
In this paper the current status of the preci-
sion measurements of observables in electroweak
physics are reviewed. In increasing energy scale,
the main measurements consist of: the muon
anomalous magnetic moment measured by the
Brookhaven collaboration E821, neutrino-nucleon
scattering measured by the NuTeV collaboration,
the precise results on Z boson properties deter-
mined at the electron-positron colliders SLC and
LEP-1, and results on W-boson properties deter-
mined at the TEVATRON and at LEP-2.
The measurements are compared with the ex-
pectations calculated in the framework of the
minimal Standard Model (SM). Radiative correc-
tions are extracted from the measurements and
tested quantitatively, in particular by comparing
predicted masses of top quark and W boson de-
rived from radiative corrections with the results
of the direct measurements. Based on the com-
plete set of measurements, constraints are set on
the mass of the SM Higgs boson. The final re-
sults on the direct search for the SM Higgs boson
at LEP-2 are also presented.
2. ANOMALOUS MAGNETIC MO-
MENT OF THE MUON
The Brookhaven experiment E821 measures
the anomalous magnetic moment of the muon,
aµ, by measuring the muon spin precession fre-
∗E-mail: Martin.Grunewald@cern.ch
quency, ω, in an external magnetic field, B:
(gµ − 2)/2 = aµ = (ωmµc)/(eB) , (1)
where the magnetic field B is measured with a
proton NMR probe. Based on the data collected
in 1999 [1], consisting of nearly 109 positrons from
µ+ decay, the time spectrum shown in Figure 1
is obtained, yielding the result:
1010aµ = 11 659 202± 15 , (2)
to be compared with the expected value of
11 659 160 ± 7 in units of 10−10 calculated in
the framework of the minimal SM. The expecta-
tion being lower by about 2.6 standard deviations
compared to the experimental result caused great
excitement because shifts in aµ could signal new
physics [2], e.g., supersymmetry.
The SM expectation contains four contribu-
tions, graphically shown in Figure 2. The QED
part is calculated in a perturbation series in terms
of powers of α/pi, the first order term being the
Schwinger term α/2pi. This part, +11658471, is
by far the dominant part, but still calculated with
negligible uncertainty. Likewise, the weak part,
+15 units, is known with negligible uncertainty,
while it’s size is comparable to the experimen-
tal uncertainty. The uncertainty on the predic-
tion of aµ is fully dominated by the hadronic vac-
uum polarisation, where estimates for the first-
order contribution range from 692 to 699 units,
with uncertainties of about 7 units. The E821
collaboration has chosen the calculation yielding
the result at the lower edge of this range. The
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Figure 1. Counting rate recorded by E821 as a
function of the muon decay time, modulated by
the spin precession frequency ω.
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Figure 2. Feynman diagrams contributing to the
anomalous magnetic moment of the muon. From
left to right: QED, weak, hadronic vacuum po-
larisation and the light-by-light contribution.
second-order contribution is small, −10±1 units.
The hadronic light-by-light scattering contribu-
tion had been calculated to be −8±4 units. Here,
a sign error in the dominant contribution, the
pion pole, has been discovered [3]. When cor-
rected, this contribution changes to +8± 2 units;
the full SM prediction increases to 11 659 177± 7
units, reducing the difference between the experi-
mental measurement and the theoretical calcula-
tion to 1.6 standard deviations.
On the last day of this conference, a new result
of the E821 collaboration was presented based on
the data collected in the year 2000 [4,5], corre-
sponding to an additional 4 · 109 µ+ decays:
1010aµ = 11 659 204± 8, (3)
which dominates the new world average value of:
1010aµ = 11 659 203± 8. (4)
The difference between theory and experiment is
again at the level of 2.6 standard deviations.
Because of its large uncertainty, the first-order
hadronic vacuum polarisation is under contin-
ued scrutiny. At this conference, new calcula-
tions were presented [6], predicting contributions
even lower than the value of 692 used by E821.
Clearly more work is needed to understand the
large spread in the calculations, which should
agree much better as they are all based on the
same low energy data for electron-positron anni-
hilations and τ decays into hadrons [7,8].
3. NEUTRINO NUCLEON SCATTER-
ING
The NuTeV collaboration measures the elec-
troweak mixing angle in t-channel neutrino-
nucleon scattering as shown in Figure 3, involving
charged current (CC) and neutral current (NC)
reactions. Using for the first time both a neutrino
and an anti-neutrino beam with high statistics, it
is possible to exploit the Paschos-Wolfenstein re-
lation [9]:
R− =
σNC(ν)− σNC(ν¯)
σCC(ν)− σCC(ν¯) (5)
= 4g2Lν
∑
u,d
[
g2Lq − g2Rq
]
(6)
= ρνρud
[
1/2− sin2 θon−shellW
]
, (7)
where the sum runs over the valence quarks u
and d. This relation holds for iso-scalar tar-
gets and up to small electroweak radiative correc-
tions. Thus R− is a measurement of the on-shell
electroweak mixing angle. In the ideal case this
measurement is insensitive to the effects of sea
quarks, which cancel. Charm production, uncer-
tain due to charmmass effects, enter only through
CC scattering off valence d quarks, a CKM sup-
pressed process.
Using a muon (anti-) neutrino beam, CC reac-
tions contain a primary muon in the final state,
while NC reactions do not. As shown in Figure 4,
the muon as a minimum ionising particle traverses
the complete detector, while the hadronic shower
is confined in a small target volume. The length
of the event thus discriminates clearly between
CC and NC events.
The distributions of event lengths as observed
for neutrino and anti-neutrino beams are shown
in Figure 5. In total, close to 2 million events were
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Figure 3. Feynman diagrams in νN scattering at
parton level. Left: CC, right: NC interactions.
Figure 4. Events observed in the NuTeV detector.
Top: CC event, bottom: NC event.
recorded by the NuTeV collaboration, 1167K CC
and 457K NC events with neutrino beams, and
250K CC and 101K NC events with anti-neutrino
beams. The separation between CC and NC
events is dependent on the energy of the hadronic
shower and ranges from 16 to 18 in units of coun-
ters (equivalent to 10 cm of steel) as indicated in
the inserts of Figure 5.
In order to extract R− from the measured dis-
tributions, a Monte Carlo simulation of the spec-
tra of the (anti-) neutrino beams, radiative cor-
rections and detector response is used. In terms
of the on-shell electroweak mixing angle, NuTeV’s
final results reads [10]:
sin2 θon−shellW ≡ 1−M2W/M2Z (8)
= 0.2277± 0.0013± 0.0009
−0.00022M
2
t − (175 GeV)2
(50 GeV)2
+0.00032 ln(MH/150 GeV) ,
where the first error is statistical and the sec-
ond is systematic. Here ρ = ρSM is as-
sumed. This result is in very good agreement
with the previous world average of 0.2277 ±
Figure 5. Distribution of event lengths.
Figure 6. Comparison of results on the on-shell
electroweak mixing angle in νN experiments.
0.0024(exp.)±0.0019(theo) updated for the latest
charm mass [11], as shown in Figure 6.
The two contributions to the total systematic
uncertainty of 0.0009 are about equal, 0.0006 each
for experimental systematics and for modelling.
The experimental systematics are dominated by
the uncertainty on the (anti-)electron neutrino
flux, as for such beams both CC and NC in-
teractions lead to final states without primary
muons. The model systematics are dominated by
charm production and the strange-quark sea, ef-
fects which are much reduced compared to previ-
ous single-beam experiments. With a statistical
error of 0.0013 and a total systematic error of
0.0009, NuTeV’s final result is statistics limited.
Also this result caused a great deal of excite-
ment, as the global SM analysis of all electroweak
measurements, presented later in this paper, pre-
dicts a value of 0.2227 ± 0.0004 for the on-shell
4Figure 7. NuTeV result in the plane of effective
right- and left-handed couplings (top) and of on-
shell angle versus ρ-scale factor ρ0.
electroweak mixing angle, showing a deviation
from the NuTeV result at the level of 3.0 stan-
dard deviations.
In a more model-independent analysis, the
NuTeV result is also interpreted in terms of ef-
fective left- and right-handed couplings, shown in
Figure 7, defined as: g2X(eff) = 4g
2
Lν
∑
q g
2
Xq for
X = L,R. Here the deviation is confined to the
effective left-handed coupling product. Modifying
all ρ parameters by a scale factor ρ0, also shown
in Figure 7, shows that either ρ0 or the mixing
angle, but not both, could be in agreement with
the SM. Assuming the electroweak mixing angle
to have it’s expected value, the change in the ρ
factors can be absorbed in ρν , i.e., interpreted as
a change in the coupling strength of neutrinos,
then lower than expected by about (1.2± 0.4)%.
A similar trend is observed with the neutrino cou-
pling as measured by the invisible width of the Z
boson at LEP-1, yielding a much less significant
deficit of (0.5± 0.3)% in ρν .
To date, various explanations ranging from old
and new physics effects have been put forward
and reviewed at this conference [12]. Some old
physics effects are: theoretical uncertainties in
PDFs, iso-spin violating PDFs, quark-antiquark
asymmetries for sea quarks, nuclear shadowing
asymmetries between W and Z interactions, etc.
Some new physics effects are: a new heavy Z
boson, contact interactions, lepto-quarks, new
fermions, neutrinos oscillations, etc. Most of the
old and new physics effects are, however, severely
constrained by NuTeV itself or other precision
electroweak measurements, thus cannot explain
the full effect. As was pointed out at this con-
ference, PDFs should be investigated, in partic-
ular the partly leading-order analysis employed
by NuTeV should be assessed and eventually im-
proved to next-to-leading order.
4. Z-BOSON PHYSICS
In the last decade, electron-positron annihila-
tions at high energies have allowed to measure
precisely a wealth of electroweak observables re-
lated to on-shell Z bosons decaying to fermion-
antifermion pairs. The lowest-order Feynman di-
agrams contributing to fermion-pair production
are shown in Figure 8. Figure 9 shows the total
cross section for hadron production as a function
of the e+e− centre-of-mass energy. Prominent
features are the 1/s fall off at low energies due
to virtual photon exchange, and the dominant Z
resonance at 91 GeV. Also shown is the threshold
for W+W− production around 160 GeV.
The properties of the Z boson are measured
precisely by the SLC experiment SLD, and the
LEP experiments ALEPH, DELPHI, L3 and
OPAL. For example [13], the mass and width of
the Z boson are MZ = 91187.5 ± 2.1 MeV, and
ΓZ = 2495.2 ± 2.3 MeV. The number of light
neutrinos species is found to be 2.9841± 0.0083,
about 1.9 standard deviations smaller than three
as already observed in the previous section.
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Figure 8. Feynman diagrams in ff production.
Left: photon exchange; right: Z boson exchange.
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Figure 9. Hadron production in e+e− annihila-
tion.
4.1. Photon-Z Interference
Owing to the increase in centre-of-mass energy
at LEP-2, fermion-pair production is now tested
at energies much higher than the Z pole. The
results from the LEP experiments, still prelim-
inary, are combined taking common systematic
uncertainties into account [14]. The combined
cross sections are shown in Figure 10 and com-
pared to the SM expectation. Besides searches
for new physics, these data are used to deter-
mine the interference term between photon and
Z-boson exchange for the hadronic final state.
This is interesting and important because this
interference term is fixed to its SM value when
extracting the Z-boson mass quoted above from
the LEP-1 Z-pole measurements. The situation is
shown graphically in Figure 11. Relaxing the SM
constraint on the hadronic interference term, the
LEP-1 data alone shows a large correlation with
MZ, increasing the uncertainty on MZ. Includ-
ing the LEP-2 data constrains the interference
term. The error on MZ is reduced close to that
obtained in the LEP-1 analysis with fixed interfer-
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Figure 10. Measured cross sections for ff pro-
duction at energies above the Z-pole, compared
to the SM expectation.
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Figure 11. Contour curves of 68% C.L. in the
plane of Z mass versus interference term for the
hadronic final state.
ence term. Similar analysis are possible with data
collected below the Z pole, e.g., by TOPAZ [15]
and VENUS [16] at TRISTAN, albeit with larger
uncertainties.
The forward-backward asymmetries as mea-
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Figure 12. Measured forward-backward asymme-
tries for ff at energies above the Z-pole, com-
pared to the SM expectation.
sured at energies above the Z-pole are shown in
Figure 12. Analyses are currently ongoing to ex-
tract the γ/Z interference terms for leptons and
for forward-backward asymmetries.
4.2. Leptonic Polarisation Asymmetries
In terms of the effective vector and axial-vector
coupling constants, gVf and gAf , the asymmetry
parameter Af is defined as:
Af = 2
gVf/gAf
1 + (gVf/gAf)2
. (9)
The leptonic asymmetry parameter is measured
at SLC and at LEP-1 in various processes. As-
suming lepton universality, well supported by the
experimental results, the following final results
are obtained when combining the experiments:
Aℓ = 0.1512± 0.0042 f/b asymmetry (10)
Aℓ = 0.1465± 0.0033 τ polarisation (11)
Aℓ = 0.1513± 0.0021 l/r asymmetries , (12)
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Figure 13. Tau polarisation as a function of the
polar scattering angle in tau-pair production at
LEP-1. The results of a fit to the data, with or
without assuming e-τ universality, are shown as
the dashed and solid line.
in good agreement and with a combined value of:
Aℓ = 0.1501± 0.0016 . (13)
As an example, the measurement of of the τ po-
larisation as a function of polar scattering angle
is shown in Figure 13. For backward scattering,
zero average helicity is expected and observed,
while for forward scattering the largest polarisa-
tion is obtained.
4.3. Effective Coupling Constants
The effective coupling constants of the neutral
weak current are defined as:
gVf =
√
ρf
(
T f3 − 2Qf sin2 θfeff
)
(14)
gAf =
√
ρf T
f
3 , (15)
where T f3 , Qf and sin
2 θfeff are the third compo-
nent of the weak iso-spin, the electric charge and
the effective electroweak mixing angle of fermion
f . While the asymmetry parameter determines
gVf/gAf , the partial Z decay width constrains
g2Vf + g
2
Af , allowing to disentangle gVf and gAf .
The results are displayed in Figure 14. The
three contours for the three charged lepton
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Figure 14. Contour curves of 68% C.L. in the
(gVℓ, gAℓ) plane. The SM expectation is shown
as the shaded area for Mt = 174.3± 5.1 GeV and
MH = 300
+700
−186 GeV.
species e, µ and τ show lepton universality for
both effective couplings. Under this assumption,
the final Z-pole results are:
gVℓ = −0.03783± 0.00041 (16)
gAℓ = −0.50123± 0.00026 , (17)
with a correlation of −5.9%.
Comparing the experimental contours with the
predictions, non-QED electroweak radiative cor-
rections are observed with a significance of 5 stan-
dard deviations. The results are in agreement
with the expectations calculated in the frame-
work of the minimal SM, and show preference for
a light Higgs boson.
4.4. Heavy Flavour Results at the Z Pole
While the results on b- and c-quark produc-
tion rates (Rq = Γqq/Γhad) are final, several
measurements of heavy-flavour asymmetries by
SLD and at LEP are still preliminary, and thus
is the joint combination of all heavy flavour re-
sults. The combined preliminary results on par-
tial width ratios, forward-backward pole asym-
metries A0,ffb = 3/4AeAf , and forward-backward
left-right asymmetries Af are [17]:
Rb = 0.21644± 0.00065 (18)
Rc = 0.1718± 0.0031 (19)
A0,bfb = 0.0995± 0.0017 (20)
A0,cfb = 0.0713± 0.0036 (21)
Ab = 0.922± 0.020 (22)
Ac = 0.670± 0.026 , (23)
with the largest correlation, +0.15, occurring be-
tween the b and c forward-backward asymmetries
as shown in Figure 15. The value of the combined
forward-backward b asymmetry prefers an inter-
mediate Higgs-boson mass of a few hundred GeV.
The combination has a rather low χ2 of 47.6
for (105− 14) degrees of freedom. The low χ2 is
mainly caused by two effects: for the rate mea-
surements, several systematic uncertainties are
studied by varying parameters in the MC sim-
ulation or evaluated from data. While no effect
is observed, the statistical accuracy of the test
is taken as a systematic uncertainty. In case of
the asymmetries, all measurements are very con-
sistent, as shown in Figures 16 and 17, although
they as well as their combination are still statis-
tics limited.
The mutual consistency of the measurements
of Aq, A
0,q
fb = (3/4)AeAq and Aℓ assuming lepton
universality is shown in Figure 18 for b quarks.
Compared to the experimental uncertainties, the
SM predictions are nearly constant in Aq, in con-
trast to the situation for Aℓ. This is a conse-
quence of the SM values of the electric charge
and of the iso-spin for quarks.
Since the leptonic asymmetry parameter Aℓ
is already well determined, the measurements
of A0,qfb improve the determination of the quark
asymmetry parameters Aq. In the combined anal-
ysis, all of the resulting asymmetry parameters
Af are decreased in value compared to their direct
measurements, as shown by the contour curve in
Figure 18. Compared to the SM expectation,
the combined extracted value for Ab is lower by
2.6 standard deviations, while there is very good
agreement for c quarks.
4.5. Effective Electroweak Mixing Angle
Assuming the SM structure of the effective cou-
pling constants, the measurements of the various
asymmetries are compared in terms of sin2 θlepteff in
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Figure 15. Contour curves of 68% C.L. in the
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Figure 16. Measurements of A0,bfb at the Z pole.
Figure 19. The measurements fall into two sets
of three results each. In the first set, the results
on sin2 θlepteff are derived from measurements de-
pending on leptonic couplings only, A0,ℓfb , Aℓ(Pτ )
and Aℓ(SLD). In this case, only lepton univer-
sality is assumed, and no further corrections to
interpret the results in terms of sin2 θlepteff are nec-
essary. In the second set, consisting of A0,bfb , A
0,c
fb
and the hadronic charge asymmetry 〈QFB〉, quark
couplings are involved. In this case, the small
non-universal flavour-specific electroweak correc-
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Figure 17. Measurements of A0,cfb at the Z pole.
0.7
0.8
0.9
1
0.13 0.14 0.15 0.16 0.17
Al
A b
Preliminary
SM
Figure 18. Bands of ±1 standard deviation width
showing the combined results of Aℓ, Ab, and A
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The SM expectation is shown as the arrows for
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tions, making sin2 θlepteff different from that for
quarks, must be taken from the SM. The effect of
these corrections and their uncertainties on the
extracted value of sin2 θlepteff is, however, negligi-
ble. The average of all six sin2 θlepteff determina-
tions is:
sin2 θlepteff = 0.23148± 0.00017 , (24)
with a χ2/dof of 10.2/5, corresponding to a prob-
ability of 7.0%. The enlarged χ2/dof is solely
driven by the two most precise determinations of
sin2 θlepteff , namely those derived from the measure-
ments of Aℓ by SLD, dominated by the left-right
910 2
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Figure 19. The effective electroweak mixing angle
derived from various asymmetry measurements.
asymmetry result, and of A0,bfb at LEP. These
two measurements differ by 2.9 standard devi-
ations. Thus, the two sets of measurements,
yielding average values for sin2 θlepteff of 0.23113±
0.00021 (χ2/dof = 1.6/2) and 0.23217± 0.00029
(χ2/dof = 0.05/2), respectively, also differ by 2.9
standard deviations. This is a consequence of the
same effect as discussed before: the deviation in
Ab as extracted from A
0,b
fb is reflected in the value
of sin2 θlepteff extracted from A
0,b
fb .
5. W AND FOUR-FERMION PRODUC-
TION
In recent years many measurements pertaining
to the W boson have been performed by the ex-
periments taking data at LEP-2. The dominant
production of on-shell W bosons proceeds via the
CC03 process of W-pair production shown in Fig-
ure 20. The cross section of this process is mea-
sured from the kinematic threshold threshold at√
s = 161 GeV up to
√
s = 209 GeV [18]. The
preliminary combined LEP results are shown in
Figure 21. Good agreement with the SM ex-
pectation is observed, showing in particular the
e+ W+
n e
e- W -
e+
e-
g
W+
W -
e+
e-
Z
W+
W -
Figure 20. Lowest-order Feynman diagrams for
W+W− production in e+e− interactions.
need for the triple-gauge-boson vertices γWW
and ZWW. The average of the ratio of mea-
sured to predicted cross section has an accuracy
of 1.1%. This accuracy requires the calculation
of O(α) radiative corrections in W-pair produc-
tion [19], which lower the cross section prediction
by about (2.5 ± 0.5)%. Using the Monte Carlo
event generators YFSWW [20] (RacoonWW [21])
containing these corrections, a value for the ratio
of 0.997 (0.999), in perfect agreement with unity,
is obtained.
The O(α) corrections also affect the differen-
tial W-pair cross section. The distribution in the
polar scattering angle cos θ becomes steeper by
about 2%. With nearly 10,000 W-pair events per
experiment, such a change is significant. In par-
ticular, it mimics the effects of anomalous triple-
gauge-boson couplings (TGCs), which also mod-
ify the cos θ distribution as shown in Figure 22.
New TGC combinations from LEP-2 were pre-
sented at this conference which for the first time
take these effects fully into account.
The TGCs considered are gZ1 , κγ and λγ , where
gZ1 is the weak charge of the W boson, i.e.,
it’s coupling strength to the Z, and κγ and λγ
are related to the magnetic dipole and electric
quadrupole moment of the W boson, µW = e(1+
λγ + κγ)/(2MW) and QW = e(λγ − κγ)/M2W,
respectively. Besides W+W− production, addi-
tional constraints on the γWW vertex arise from
single-W production, Figure 23. The cross section
for this process, shown in Figure 24, is particu-
larly sensitive to κγ .
The preliminary LEP-2 results are [22]:
gZ1 = +0.998± 0.024 (SM: 1) (25)
κγ = +0.943± 0.055 (SM: 1) (26)
λγ = −0.020± 0.024 (SM: 0) (27)
where each of these TGCs is determined assuming
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and for anomalous TGCs (gZ1 = 0, 2).
all other couplings to have their SM value. The
uncertainty on the TGCs is dominated by the the-
oretical uncertainty on the cos θ slope. Currently
the full O(α) correction to the slope is taken as
theoretical uncertainty, amounting to about 2/3
of the total error on the TGCs. Studies are ongo-
ing to evaluate the remaining theoretical uncer-
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Figure 23. Some lowest order Feynman diagrams
containing three-boson vertices.
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Figure 24. Measured cross section for single-W
production compared to the SM expectation.
tainty on the cos θ shape [19] and to propagate it
to the TGCs.
Many more small-cross-section processes are
now measured at LEP-2 [18,23], for example ra-
diative W-pair production sensitive to quartic
gauge boson couplings, Figure 25, Z-pair produc-
tion or Zee production. As shown in Figure 26,
such small cross sections, a factor of up to 100
smaller than that of W-pair production, are now
measured with an accuracy ranging from 5% to
10% and found to be in agreement with the SM
expectation. These processes allow the determi-
nation of neutral triple gauge couplings and of
quartic gauge couplings [24].
6. W-BOSON MASS AND WIDTH
Until a few years ago, the W boson mass and
width was measured at hadron colliders only,
most recently by the experiments CDF and DØ
taking data at the Fermilab proton-antiproton
TEVATRON collider. Leptonic W decays with
electrons and muons are selected and recon-
11
g /Z
e
e
W
W
g
Figure 25. Lowest-order Feynman diagram in
W+W−γ production with a four-boson vertex.
structed. The transverse mass, i.e., the invariant
mass of the lepton and the missing momentum
vector in the plane transverse to the beam axis
is unaffected by the unknown longitudinal boost
of the W boson and bounded from above by the
invariant mass of the decaying W boson. The dis-
tribution of the transverse mass is shown in Fig-
ure 27. The sharp upper edge, also called Jaco-
bian peak, yields the mass of the W boson, while
the W-boson width is derived from the high-mass
tail of this distribution. Final results on MW and
ΓW from CDF and DØ are now available for the
complete Run-1 data set. They are combined tak-
ing correlations properly into account [25].
Since 1996 the W boson mass and width is also
measured at LEP using e+e− →W+W− → ffff
events. Four-fermion final states are selected and
the two decaying W bosons are reconstructed.
For hadronic and semileptonic W-pair events, the
W-pair kinematic is completely reconstructed so
that one directly measures the invariant masses of
the decayingW bosons as shown in Figure 28 [26],
where the width of the mass peak is given by de-
tector resolution and the natural width of the W
boson.
6.1. Final State Interconnection Effects
For hadronic W-pair events, e+e− →
W+W− → qqqq → hadrons, cross talk effects
may occur between the two hadronic systems as
shown in Figure 29. The four-momentum ex-
change causes the mass of the decaying W bosons
to be different from the mass of the hadronic de-
cay products, thus leading to potentially large
systematic effects.
Such final-state interconnection (FSI) effects
are colour reconnection (CR), yielding a rear-
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Figure 26. Measured cross sections for radiative
W-pair production, ZZ and Zee production, com-
pared to the SM expectations.
rangement of the colour flow in the perturbative
and non-perturbative phase of the parton shower
evolution, and Bose-Einstein correlations (BEC)
between identical mesons in the final state. Re-
cent analyses use the data to limit possible FSI
bias on MW(qqqq).
CR [27] is searched for by studying the particle
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Figure 28. Invariant mass of W bosons recon-
structed in (top) hadronic and (bottom) semilep-
tonic W-pair events by the OPAL experiment.
flow in the two regions A and B between jets from
the same W boson, versus that in the two regions
C and D between jets originating from different
W bosons, by projecting onto the planes defined
by each of the regions A to D. In order to en-
hance the statistical sensitivity, the distributions
in the intra-W regions A and B are added and
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K+ K+
pi– pi–
Colour
Reconnection
Bose-
Einstein
Figure 29. FSI effects: CR and BEC.
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Figure 30. Ratio of particle flow distributions.
divided by the sum of the inter-W regions C and
D. The ratio R=(A+B)/(C+D) is analysed as a
function of the local angle between jets, as shown
in Figure 30. It can be seen that CR leads to a
depletion of R in the region between jets.
In order to quantify the measurement, the par-
ticle flow in A+B and in C+D is integrated over
the central region between jets and the ratio is
taken, yielding a single number. The result ob-
tained on data is calibrated in sensitivity and cen-
tral value to MC models incorporating different
models of CR. The results of the four LEP ex-
periments are shown in Figure 31. Combining
the results of the four LEP experiments weighted
by their sensitivity to a given CR model such as
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Figure 31. Ratio of the particle flow integrals as
measured by the LEP experiments, compared to
the expectations for no-CR and 100% CR proba-
bility in the SK-I model.
SK-1, one observes a small hint, at the level of 2
standard deviations off the non-CR scenario, for
the presence of CR in the data, corresponding to
about 40% CR in the SK-1 model.
For a given CR probability, all four experiments
observe the same mass shift in the SK-I model. It
is limited to be less than 90 MeV averaged over
centre-of-mass energies. All other CR models
yield smaller shifts. Since this preliminary result
already includes most of the full LEP-2 statistics,
the limit on the bias will not improve much. The
solution currently under investigation is thus to
use jet and event reconstruction algorithms less
sensitive to CR effects, e.g., to use only the core
of the jets or to disregard low energy particles.
BEC [28] between identical mesons in hadronic
Z decays are well established at LEP. They man-
ifest themselves as an increased rate of pairs of
identical hadrons, or simply charged tracks in
the detector, which are close in phase space, i.e.,
at low four-momentum difference Q. Indeed the
strength and shape of BEC observed in the Q dis-
tribution is the same for hadronic W decays and
hadronic Z decays excluding b quarks as those do
not arise in W decay, as shown in Figure 32.
In order to be sensitive only to BEC between
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Figure 32. Rate of like-sign pairs normalised to
the rate of unlike-sign pairs as a function of Q.
Left: Semileptonic W-pair events compared to Z
decays; right: hadronic W-pair events.
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Figure 33. Measured fraction of inter-W BEC.
tracks from different W bosons, the BEC effects
from single W bosons are divided out in the ra-
tio D(Q). Only inter-W BEC potentially affect
the W-mass reconstruction. ALEPH and L3 do
not find any sign of inter-W BEC, with the com-
bined result being that (3±18)% of the full effect
of inter-W BEC is observed, Figure 33, in good
agreement with zero. This corresponds to a bias
on MW(qqqq) of less than 10 MeV at 68% CL,
while the full effect would correspond to about
35 MeV for this particular model.
However, the new preliminary DELPHI anal-
ysis observes an effect in the D(Q) distribution
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as shown in Figure 34, with a significance of 2.8
standard deviations away from zero. Both results
differ by about two standard deviations. Studies
are ongoing to understand the different observa-
tions.
Based on the above studies, uncertainties of
90 MeV for CR and 35 MeV for BEC are assigned
to the mass of the W boson as extracted from
the four jet channel. Because of these large addi-
tional uncertainties compared to the semileptonic
channel, the weight of the four jet channel in the
LEP average is less than 10%. The difference in
mass obtained for hadronic and semileptonic W-
pair events, calculated without FSI uncertainties,
is (9± 44) MeV, well compatible with zero.
6.2. Results
The results of the six TEVATRON and LEP
experiments on the mass and the width of the W
boson are shown in Figure 35. Excellent agree-
ment is observed. The combined results and their
correlation is shown in Figure 36, together with
the SM expectation. It can be seen that the W
mass is highly sensitive to SM parameters, in par-
ticular preferring a low value for the mass of the
Higgs boson.
7. TESTS OF THE STANDARD MODEL
Within the framework of the SM, each of the
observables presented above are calculated as a
function of five main relevant parameters, which
are the running electromagnetic and strong cou-
pling constant evaluated at the Z pole, ∆α
(5)
had
and αS , and the masses of Z boson, top quark
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Figure 35. Results onMW and ΓW obtained from
the six TEVATRON and LEP experiments.
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Figure 36. Contour curves of 68% probability
in the (MW,ΓW) plane. The SM expectation is
shown as the arrow forMt = 174.3±5.1 GeV and
MH = 300
+700
−186 GeV.
and Higgs boson, MZ, Mt, MH. Using the Fermi
constant GF allows to calculate the mass of the
W boson. The running electromagnetic coupling
is represented by the hadronic vacuum polarisa-
tion ∆α
(5)
had, as it is this contribution which has
the largest uncertainty, similar to the case of the
muon anomalous magnetic moment.
The precision of the Z-pole measurements re-
quire matching precision of the theoretical calcu-
lations, first and second order electroweak and
QCD corrections etc. The dependence on Mt
and MH enters through radiative corrections as
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Figure 37. W and Z propagator corrections in-
volving the top quark and the Higgs boson.
depicted in Figure 37. The computer programs
TOPAZ0 [29] and ZFITTER [30], incorporating
state-of-the-art calculations, are used to calculate
the predictions as a function of the five SM pa-
rameters. For the hadronic vacuum polarisation,
the result ∆α
(5)
had = 0.02761± 0.00036 [31], based
on the recent BES measurements [32], is used.
Using the Z-pole measurements of SLD and
LEP-1 in order to evaluate electroweak radia-
tive corrections, the masses of two heavy parti-
cles measured at the TEVATRON and at LEP-2,
namely the top quark and the Higgs Boson, can
be predicted. The resulting 68% C.L. contour in
the (Mt,MW) plane is shown in Figure 38. Also
shown is the contour corresponding to the direct
measurements of both quantities at the TEVA-
TRON and at LEP-2. The two contours overlap,
successfully testing the SM at the level of elec-
troweak radiative corrections. The diagonal band
in Figure 38 shows the constraint between the
two masses within the SM, which depends on the
mass of the Higgs boson, and to a small extend
also on the hadronic vacuum polarisation (small
arrow labelled ∆α). Both the direct and the in-
direct contour prefer a low value for the mass of
the SM Higgs boson.
The best constraint on MH is obtained by
analysing all data. This joint fit has a χ2 of
29.7 for 15 degrees of freedom, corresponding to
a probability of only 1.3%. The pulls of the 20
measurements entering the fit are shown in Fig-
ure 39. The single largest contribution to the χ2,
9 units, arises from the NuTeV measurement of
the on-shell electroweak mixing angle. Excluding
the NuTeV measurement, the χ2/dof becomes
20.5/14, corresponding to 11.4%. The fitted pa-
rameters in terms of central value and error are
almost unchanged, showing that the fit is robust
against the NuTeV result.
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Figure 38. Contours of 68% probability on the
(Mt,MW) plane, for the corresponding direct and
the indirect determinations. Also shown is the
correlation between MW and Mt as expected in
the minimal SM for different Higgs boson masses.
The global fit yields MH = 81
+52
−33 GeV, which
corresponds to a one-sided upper limit at 95%
C.L. on MH of 193 GeV including theory uncer-
tainty as shown in Figure 40. The fitted MH is
strongly correlated with the hadronic vacuum po-
larisation (correlation of -0.48) and the fitted top-
quark mass (0.70). The strong correlation with
Mt implies a shift of 35% in the predicted MH if
the measurement of Mt changes by one standard
deviation (5 GeV ). Thus a precise experimental
measurement of Mt is very important.
Also shown are the χ2 curves obtained with
theory-driven and thus more precise evaluation
of the hadronic vacuum polarisation [33], or ex-
cluding the NuTeV result. Both yield nearly the
same upper limits on MH. The theoretical uncer-
tainty on the SM calculations of the observables
is visualised as the thickness of the blue band.
It is dominated by the theoretical uncertainty in
the calculation of the effective electroweak mixing
angle, for which a complete two-loop calculation
is still lacking.
Also shown in Figure 40 is the MH range ex-
cluded by the direct search for the Higgs boson,
discussed in the following section. Even though
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Measurement Pull (Omeas−Ofit)/σmeas
-3 -2 -1 0 1 2 3
-3 -2 -1 0 1 2 3
∆αhad(mZ)(5) 0.02761 ± 0.00036  -0.24
mZ [GeV] 91.1875 ± 0.0021   0.00
ΓZ [GeV] 2.4952 ± 0.0023  -0.41
σhad [nb]
0 41.540 ± 0.037   1.63
Rl 20.767 ± 0.025   1.04
Afb
0,l 0.01714 ± 0.00095   0.68
Al(Pτ) 0.1465 ± 0.0032  -0.55
Rb 0.21644 ± 0.00065   1.01
Rc 0.1718 ± 0.0031  -0.15
Afb
0,b 0.0995 ± 0.0017  -2.62
Afb
0,c 0.0713 ± 0.0036  -0.84
Ab 0.922 ± 0.020  -0.64
Ac 0.670 ± 0.026   0.06
Al(SLD) 0.1513 ± 0.0021   1.46
sin2θeff
lept(Qfb) 0.2324 ± 0.0012   0.87
mW [GeV] 80.449 ± 0.034   1.62
ΓW [GeV] 2.136 ± 0.069   0.62
mt [GeV] 174.3 ± 5.1   0.00
sin2θW(νN) 0.2277 ± 0.0016   3.00
QW(Cs) -72.18 ± 0.46   1.52
           
Figure 39. Pulls of all 20 measurements used in
the global SM analysis. The pull is the difference
between measured and expected value calculated
for the minimum of the χ2, divided by the mea-
surement error.
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Figure 40. ∆χ2 curve as a function of MH. Also
shown are the curves using a theory-driven eval-
uation of the hadronic vacuum polarisation, or
excluding the NuTeV measurement.
the minimum of the χ2 curve lies in the excluded
region, the uncertainties on the Higgs mass value
are such as that the results are well compatible.
8. DIRECT HIGGS-BOSON SEARCH
Only the direct observation of the Higgs boson
constitutes a proof of its existence; the indirect
constraint on the Higgs boson mass already as-
sumes that the SM Higgs boson actually exists.
Direct searches for the Higgs Boson have been
carried out by the LEP experiments, with the fi-
nal results from LEP-2 now available [34].
Higgs production at LEP occurs dominantly
through radiation of a Higgs Boson off an s-
channel produced Z boson, e+e− → ZH→ ffbb,
yielding a four-fermion final state. Smaller con-
tributions to the cross section arise through WW
and ZZ fusion especially for Higgs masses beyond
the nominal kinematic limit of ZH production.
The analysis combines Higgs-mass independent
selections with Higgs-mass reconstruction. For
increasingly pure selections, the distribution of
reconstructed candidate Higgs boson masses is
shown in Figure 41, with a small accumulation
of events at about 115 GeV.
The complete statistical analysis for the di-
rect search is based on a global discriminating
variable, which combines all event information
and separates between signal and background
events, and the reconstructed Higgs mass. Fig-
ure 42 shows the confidence level for the hy-
pothesis of the observed data being SM back-
ground only, as a function of hypothetical Higgs
masses. The largest excess over background at
high masses shows a significance of 1.7 standard
deviations, corresponding to a probability for a
background fluctuation of 8%, at masses around
115 to 117 GeV. This small excess is solely given
by one experiment, ALEPH, where the signifi-
cance is about 2.8-3.0 standard deviations, and
in one channel only, namely qqbb.
Without evidence for direct Higgs production
in the LEP combined data set, the data are used
to set a lower limit on the mass of the SM Higgs
boson of 114.4 GeV at 95% C.L. Because of the
small excess, the observed limit is 0.9 GeV smaller
than the expected limit.
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Figure 41. Reconstructed Higgs mass in ZH can-
didates selected by the four LEP experiments, for
increasing purity of the selection.
9. OUTLOOK
Since 2001, Run-II of data taking at the TEVA-
TRON is ongoing. The proton-antiproton centre-
of mass energy is raised from 1.8 TeV to 1.96 TeV.
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Figure 42. Confidence level for the background-
only hypothesis.
Each experiment will collect about 15/fb in total,
and about 2/fb up to 2004 [35,36]. Among other
things, this will allow measurements of MW with
an accuracy of 25 MeV and of Mt with an accu-
racy of 2.5 GeV, yielding a Higgs mass prediction
based on electroweak radiative corrections of 30%
accuracy. Besides the width of top quark and
W boson, also gauge couplings will be measured
with high precision. An interesting aspect con-
cerns Z production with subsequent decay into
lepton pairs. This process allows to reconstruct
the centre-of-mass system and thus the forward-
backward asymmetry in this system, which is a
measurement of the effective electroweak mixing
angle. The estimated precision is in the range of
current Z-pole determinations of sin2 θlepteff , thus
would be useful to shed light on the dispersion of
the various existing measurements of that quan-
tity. Crucial for this measurement are precise ma-
trix elements and parton distribution functions
including theoretical uncertainties. Constraints
on these could also be determined from W pro-
duction data.
The TEVATRON experiments will perform the
next step in the direct search for the Higgs boson.
With 15/fb per experiment, the two experiments
will be sensitive to Higgs masses of up to 135 GeV
at the level of three standard deviations, well be-
yond the existing limit.
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10. CONCLUSION
During the last decade many experiments, such
as BES, E821, NuTeV, SLD, ALEPH, DELPHI,
L3, OPAL, CDF and DØ, etc. have performed
a wealth of measurements of unprecedented pre-
cision in particle physics. These measurements
test all aspects of the SM of particle physics,
and many of them show large sensitivity to elec-
troweak radiative corrections at loop level.
Most measurements agree with the expecta-
tions as calculated within the framework of the
SM, successfully testing the SM at Born and at
loop level. Still there are two “3 standard devi-
ations effects”, namely the spread in the various
determinations of the effective electroweak mix-
ing angle, and NuTeV’s result, most pronounced
when interpreted in terms of the on-shell elec-
troweak mixing angle.
For the experiments at current and future col-
liders, precise theoretical calculations are needed,
which must include an assessment of the remain-
ing theoretical uncertainty [19,37,38,39]. The re-
quired precision must match the expected ex-
perimental precision in measurements of observ-
ables such at the masses of top quark and W bo-
son, the effective electroweak mixing angle and
the hadronic vacuum polarisation based on low-
energy data.
The next qualitative step is surely given by the
observation of the SM Higgs boson or a Higgs
boson of any other model. Searches will be per-
formed at TEVATRON, while experiments at fu-
ture linear colliders [40] and notably the LHC [41]
will be sufficiently powerful to find the Higgs bo-
son or indications of other mechanisms of elec-
troweak symmetry breaking.
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